Context. AM CVn stars are very compact interacting binary systems with helium-dominated spectra. The nature of the donor star remains unclear, but the accretion disc represents the chemical composition of the donor's atmosphere. Analysing the disc will therefore help us to understand the donor star and the formation of these systems. Aims. We investigate the influence of primary mass, mass-accretion rate, chemical abundances, irradiation by the primary, and inclination on the spectrum of the accretion disc to determine the extent to which it is possible to deduce these system properties by comparison with observed spectra. Methods. We compute a grid of metal-line blanketed NLTE accretion-disc spectra for an extensive parameter space by solving selfconsistently the radiative-transfer equations and the equations describing the vertical structure using our accretion disc code AcDc. Results. We detect emission-line spectra for low and absorption-line spectra for high mass-accretion rates. Irradiation of the accretion disc by the primary has almost no influence on the spectrum. The spectroscopic detection of the primary is achievable most easily in the UV. Comparing an observed spectrum of CE 315 with our accretion-disc models, we find the qualitatively closest match for a 0.8 M primary and a mass-accretion rate of 10 −11 M /yr. Furthermore, the disc of CE 315 exhibits a strong silicon underabundance confirming the hypothesis that it is a Pop. II object.
Introduction
AM CVn stars are close, interacting binary systems with very short orbital periods below the 78 min period minimum of classical, hydrogen cataclysmic variables (CVs). Their spectra are dominated by helium lines. They are named after the prototype AM CVn (also known as HZ 29), whose binarity was proposed for the first time by Smak (1975) . Presently, 21 of these systems are known (Table 1) , seven of them having been discovered by the Sloan Digital Sky Survey (Anderson et al. 2005; Roelofs et al. 2005) . The accretor is a white dwarf (WD), whereas the nature of the Roche-lobe-filling low-mass (M 2 < 0.1 M ) donor remains unclear. It might be a helium white dwarf, a helium star, or the helium-rich core of an evolved CV secondary (for more details see, e.g., Nelemans 2005) . Since the matter in the accretion disc originates in the outer layers of the donor star, the analysis of the disc and the determination of its chemical composition will help us to understand the nature of the donor and the formation channel of AM CVn systems.
AM CVn systems are discussed to contribute significantly to the Type Ia supernova production rate (Nelemans et al. 2001; Solheim & Yungelson 2005) . Furthermore, they are sources of low-frequency gravitational wave radiation, which will be detectable with the future Laser Interferometer Space Antenna LISA (e.g., Hils & Bender 2000) .
The AM CVn stars can be divided into subgroups according to their orbital periods. The first group includes systems with ultra-short periods below 10 min. They are probably direct-impact accretors without an accretion disc. The shortperiod group (P orb < 20 min) with high mass-accretion rates of about 10 −8 M /yr exhibits mostly absorption-line spectra, whereas the long-period group (P orb > 35 min) with low massaccretion rates of about 10 −11 M /yr exhibits emission-line spectra. In-between are the outbursting systems, which undergo dwarf-nova cycles like hydrogen CVs but on shorter timescales because of their much smaller accretion discs. Depending on their state in the dwarf-nova cycle, they show emission-or absorption-line spectra.
There have been various attempts to model the accretion disc in AM CVn systems. Tsugawa & Osaki (1997) calculated the thermal-tidal instability cycle for helium discs. Kunze et al. (2001) studied the interaction between the infalling gas stream and the disc. Semionovas & Solheim (1999) calculated a model grid of hydrogen-helium NLTE discs and applied it to four of the AM CVn systems, El-Khoury & Wickramasinghe (2000) calculated a LTE model grid of hydrogen-helium discs in the optical range, and applied it to AM CVn and CR Boo. Nasser et al. (2001) calculated NLTE H/He-disc spectra for some AM CVn systems in the optical wavelength range, varying the massaccretion rate only slightly (2−9 × 10 −9 M /yr). Nagel et al. (2004) analysed the optical spectrum of AM CVn itself, using their own NLTE disc models containing H, He, C, N, O, and Si.
In this work, we calculated an extended grid of NLTE accretion-disc models, containing H, He, C, N, O, and Si, to study the influence of parameters such as primary mass, massaccretion rate, or chemical abundances on the disc spectrum. The Article published by EDP Sciences Bildsten et al. (2006) and references therein, Roelofs et al. (2007a,b) , Anderson et al. (2005 Anderson et al. ( , 2008 , and the website of G. Nelemans (http://www.astro.ru.nl/~nelemans/).
values of primary mass and mass-accretion rate were selected to include the variety of AM CVn systems. It is the first time that a such an extensive helium-dominated model grid, including the effects fo metals, has been calculated for wavelengths between the EUV and IR.
In the next section, we briefly introduce our modelling of accretion discs and their spectra. In Sect. 3, we present vertical structures and spectra of the accretion discs, varying the primary mass, mass-accretion rate, chemical abundances, and inclination angle. We also consider the effect of irradiation of the disc by the primary for different cases and the possibility of a spectroscopic detection of the primary. Finally, we compare our model spectra with an observed spectrum of CE 315 (Sect. 4). We close with a brief summary in Sect. 5.
Accretion-disc modelling
For the calculation of the metal-line blanketed NLTE accretiondisc models, we use our accretion-disc code AcDc (Nagel et al. 2004) . It is based on the radial structure of an α-disc (Shakura & Sunyaev 1973) , assuming a stationary, geometrically thin disc (total disc thickness H is much smaller than the disc diameter). This allows the decoupling of the vertical and radial structures and, together with the assumption of axial symmetry, we can separate the disc into concentric annuli of plane-parallel geometry. In that way, the radiative transfer becomes a one-dimensional problem. The mass of the disc is far smaller than the mass of the central object, so we can neglect self-gravitation. The radial distribution of the effective temperature T eff can be described by
where M 1 and R 1 denote the mass and the radius of the central object,Ṁ is the mass-accretion rate, G the gravitational constant, and σ the Stefan-Boltzmann constant. The radial profile of surface mass density Σ can be described by
for the kinematic viscosity w. For each disc ring, the following set of coupled equations were solved simultaneously under the constraints of particle number and charge conservation:
-radiation transfer for the specific intensity I
with the absorption coefficient χ, the emission coefficient η, the geometrical disc height z above the midplane, and μ = cos θ with θ being the angle between the ray and z.
To consider irradiation of the accretion disc by the primary, the irradiation angle and the spectrum of the primary (blackbody or detailed model-atmosphere spectrum) must be specified. Since we employ a five-point Gaussian quadrature for angle integration, the stellar disc is usually unresolved (except for annuli very close to the star) and the irradiated flux is assigned to a single quadrature point. Stellar limb darkening is neglected; -hydrostatic equilibrium between gravitation, gas pressure P gas , and radiation pressure
with ρ denoting the mass density, and H the Eddington flux.
Here we also introduced the column mass depth m as
-energy balance between the viscously generated energy E mech and the radiative energy loss E rad
with
and
with the angular velocity ω, and the mean intensity J. Convection (E conv ) is neglected in our models; -NLTE rate equations for the population numbers n i of the atomic levels i
P i j denotes the rate coefficients, consisting of radiative and collisional components. For the static case, it follows that By integrating the spectra of the individual annuli, one obtains a complete disc spectrum for different inclination angles, where the spectral lines are Doppler shifted according to the radial component of the Kepler rotational velocity. For a more detailed description of the accretion-disc modelling with AcDc, we refer the reader to Nagel et al. (2004) . The input parameters we have to provide for the calculation of disc rings are the mass M 1 and radius R 1 of the primary, the mass-accretion rateṀ, the Reynolds number Re, the radius of the annulus R, the chemical abundances, the irradiation angle β, and the spectrum or the black-body temperature T irr of the primary. Detailed information about the involved atomic data is provided in the form of a model atom (cf. Rauch & Deetjen 2003) .
Since the accretion discs of AM CVn stars are fed by a helium-rich secondary, we assume a disc composition dominated by helium. Hydrogen, carbon, nitrogen, oxygen, and silicon are considered with varying abundances (Table 4) . Iron-group elements and molecule formation are not considered. Details about our model atoms are shown in Table 2 , the silicon lines in the optical and UV are split into multiplets (assuming relative LTE populations for the sublevels).
The model grid presented here comprises more than 70 accretion discs with about 10 single disc-ring models each. For each disc, the spectrum for five inclination angles is calculated.
The model grid
We calculated a grid of accretion-disc models to cover the entire parameter range of AM CVn systems. We assumed five different primaries from 0.6 to 1.4 M , for each four different massaccretion rates from 10 −8 to 10 −11 M /yr (see Table 3 ). Every disc spectrum is calculated for at least three different chemical Table 3 . Parameters of the model grid. M 1 , R 1 and g are the mass, the radius and the surface gravity of the white dwarf primary, respectively, M the mass-accretion rate, log g is calculated from M 1 and R 1 .
0.6 9550 7.9 −8, −9, −10, −11 2 0.8 7380 8.3 −8, −9, −10, −11 3 1.0 5830 8.6 −8, −9, −10, −11 4 1.2 4100 9.0 −8, −9, −10, −11 5 1.4 3160 9.3 −8, −9, −10, −11 Table 4 . Variation in the abundances for the included elements with [x] = log(mass fraction/solar mass fraction) of species x, following Grevesse & Sauval (2000) for the solar abundances.
compositions. Unless otherwise noted, all plots shown are of composition #2 (Table 4) .
The maximum outer radius of the discs is defined by the tidal radius, where the disc is truncated by the tidal forces of the secondary. It can approximately be written (Warner 1995) as
with the binary's separation a and the mass ratio q = M 2 /M 1 . The separation can be derived from Kepler's law. For the highest mass-accretion rate systems, we assumed an orbital period of 1000 s, for the lowest mass-accretion rate systems 3000 s and for the systems in between 1500 s. For the companion, we assumed a mass of 0.05 M for all systems. In the case of the lowest massaccretion rate, we encountered numerical problems for the outermost disc rings. As a result, the respective disc models were not extended to the tidal radius. Depending on the primary mass and mass-accretion rate, this produced outer disc radii between 8 and 20 R 1 . Figure 1 shows the radial variation in the effective temperature as well as the radial extension for the five primary masses and all mass-accretion rates. Here and in the following, the effective temperatures of the disc are always intrinsic, regardless of whether irradiation is considered or not. Our hottest model has effective temperatures of between 120 000 K and 22 000 K, whereas the coolest disc only varies between 9000 K and 4000 K. As an example, Fig. 2 shows the vertical ionisation structure of an inner disc ring for low and high mass-accretion rates.
Variation of the primary mass
With increasing primary mass and constant mass-accretion rate, the accretion disc becomes hotter, due to the stronger gravitational field of the more compact primary (Fig. 1) . In Fig. 3 , the vertical structures of a ring in the inner part (1.9 R 1 ) of the disc are shown for all five primary masses at low mass-accretion rate. In the case of low-mass primaries, the temperature structure becomes nearly isothermal and the disc is optically thin. Figure 4 shows the optical and UV spectra of the accretion discs for the five primary masses and mass-accretion rates of 
10
−8 M /yr and 10 −11 M /yr, all shown for the same inclination angle (18 • ). As expected from observations, the low massaccretion rate models show strong emission-line spectra and the high mass-accretion rate models absorption-line spectra. In the case of low mass-accretion rates, the total flux in the optical and UV increases with increasing primary mass due to the higher disc temperature. In the case of high mass-accretion, the disc model with the most massive primary dominates the UV, but in the optical spectral range the disc fluxes with the lower-mass primaries are higher. In Fig. 5 , the spectra of single rings of a disc with a 0.6 M primary and a mass-accretion rate of 10 −10 M /yr are shown. Due to the different effective temperatures in the inner and outer parts of the disc, the spectra differ significantly and show absorption lines in the inner and emission lines in the outer disc region.
Variation of the mass-accretion rate
An increase in the mass-accretion rate at the same primary mass leads to a higher disc temperature, which can be seen in Fig. 6 , where the vertical structures of an inner disc ring (1.9 R 1 ) are shown for a low-mass primary at four different mass-accretion rates. The surface density increases with increasing accretion rate, as can be seen from the log m value at the inner depth point. Fig. 5. Disc ring spectra from the inner (top graph, 1.4 R 1 ) to the outer (bottom graph, 12.6 R 1 ) part of the accretion disc for an 0.6 M primary and a mass-accretion rate of 10 −10 M /yr without rotational broadening. Figure 7 (lower panel) shows the change from an absorptionline spectrum to an emission-line spectrum with decreasing mass-accretion rate for a low-mass primary of 0.6 M . Furthermore, the continuum flux level is reduced by almost a factor of 1000 due to the decrease in temperature. In the case of the most massive primary with 1.4 M , we found a weak emission-line spectrum only for our lowest mass-accretion rate (Fig. 7, upper panel) .
Variation in chemical abundances
The variation in the chemical abundances for a low-mass and a high-mass primary is shown in Figs. 8 and 9 . We compare models with chemical compositions as listed in Table 4 .
In the case of the low-mass primary, there are strong Si lines in the optical, which disappear only for strong Si underabundance. In the case of the high-mass primary, it is difficult to see any differences in the optical disc spectra, but in the UV the disappearance of carbon and silicon lines with corresponding underabundance can be clearly seen. By comparing our model spectra with observations, it should be possible to reveal a metal underabundance in the accretion discs of AM CVn systems, as already proposed for GP Com (Marsh et al. 1991; MoralesRueda et al. 2003) . The determination of hydrogen in the accretion disc is especially interesting in the case of the whitedwarf formation channel of AM CVn stars, where it is possible that a small amount of hydrogen remains (Podsiadlowski et al. 2003) . We increased the abundance of hydrogen in a high and low mass-accretion rate disc for two primaries (0.6 and 1.2 M ) to deduce the upper limits at which hydrogen becomes visible in the spectrum. We found that in low-state systems a H abundance of 10 −6 already leads to strong Balmer emission lines (Fig. 9 , right panel), whereas in the UV no hydrogen lines are detectable. In high-state systems, only an abundance of 10 −3 produces significant Balmer lines (Fig. 9, left panel) . In the UV, even an abundance of 10 −2 is needed to see significant hydrogen lines.
Variation of inclination
All models so far have been shown for an inclination angle of 18
• . The variation in the inclination also leads to strong differences in the spectra, which is shown in Fig. 10 for two primary masses. The spectral lines become broader with increasing inclination due to the increasing radial component of the Kepler rotation velocity. At the same time, the total flux decreases because of the smaller visible projected surface area of the disc and limb-darkening effects.
Irradiation by the primary
The geometry of AM CVn systems is quite extreme, as can be seen from Fig. 11 , where a sketch of a primary with 0.6 M and the accretion disc is shown. This leads to rather large irradiation angles of more than 20
• for the inner part and about 5
• for the outer part of the accretion disc. We accounted for irradiation of the disc by the primary for two primary masses at high and low mass-accretion rate to investigate the influence on the vertical structure and disc spectrum. The irradiation was performed with a 20 000 K black-body spectrum for the low and 50 000 K, 80 000 K, and 100 000 K for the high mass-accretion rate system. These effective temperatures for the primary are reasonable, following Bildsten et al. (2006) , who calculated the heating and cooling of the accreting white dwarf in AM CVn systems. Using white-dwarf model spectra instead of black-body spectra for the irradiation does not show any difference in the resulting accretion-disc spectrum. Figure 12 compares, as an example, the vertical temperature structures of irradiated and non-irradiated disc rings for high mass-accretion rate (10 −8 M /yr) in the case of a 0.8 M primary. The upper layers of the disc rings are heated up by the irradiation, but the spectra do not significantly differ (not shown). At low mass-accretion rate and with irradiation from a 20 000 K primary, the UV spectrum changes slightly, while the optical spectrum is unaffected (see Fig. 13 ).
Disc and primary
Since AM CVn systems are very compact binaries, it is impossible to resolve their components. The spectra we obtain correspond to the light of the white dwarf, the accretion disc, and the donor star. Only for one of the AM CVn systems the primary seems to have been spectroscopically detected (Sion et al. 2006) . To investigate the amount to which the white dwarf contributes to the total spectrum, we calculated synthetic helium-dominated (H/He = 10 −5 ) spectra using our stellar atmosphere code TMAP. We then weighted the spectra with the WD surface area, ignoring partial occlusion by the accretion disc, and compared them with the accretion-disc spectra (Fig. 14) . For high mass-accretion rates (Ṁ = 10 −8 M /yr), we assumed a hot WD of 50 000 K and 100 000 K. We found that the flux . The mass of the primary is 0.8 M , the mass-accretion rate is 10 −11 M /yr, the inclination is 18
• . The He i lines in the observed spectrum are dominated by a component probably not created in the disc itself but at the hotspot or the inner boundary layer (as discussed by Ruiz et al. 2001 ).
of even the coolest disc is higher than the flux of the related white dwarf (T eff = 50 000 K). At low mass-accretion rate (Ṁ = 10 −10 M /yr), assuming a WD of 20 000 K, there is a chance of detecting the primary in the UV, especially if the disc is at high inclination. In the optical and infrared range, the disc flux is much higher than that of the white dwarf, even if we reduce the disc size drastically (3-7 R 1 instead of 1.3-12.5 R 1 ). The optimal opportunity of detecting the WD spectroscopically is in systems with the lowest mass-accretion rate (Ṁ = 10 −11 M /yr, again assuming T eff = 20 000 K).
Model versus observation in the case of CE 315
CE 315 is the AM CVn system with the longest known orbital period (65.1 min). The optical spectrum shows emission lines of He i and He ii, and a few weak N i and N ii lines. The accretor mass is about 0.77 M (Ruiz et al. 2001) . The profile of the spectral lines is variable on a timescale of a few minutes, probably due to the rotating hotspot, the collisional region between accretion stream and accretion disc. The helium lines often show three peaks. Ruiz et al. (2001) suggested that the outer components originate in the accretion disc, whereas the central peak is produced by the boundary layer. In the case of He ii λ 4686 Å the central component dominates the line completely. This central peak feature is also seen in GP Com (Smak 1975; Morales-Rueda et al. 2003) and is much weaker in SDSS J124058.03-015919.2 (Roelofs et al. 2005) . Because of the absence of silicon lines in the UV (Gänsicke et al. 2003) and optical spectra, CE 315 is thought to be a Population II object (Roelofs et al. 2005; Ramsay et al. 2006) . A strong silicon underabundance (10 −3 times solar) has also been found for GP Com (Marsh et al. 1991) . From the analysis of the X-ray spectrum of CE 315, Ramsay et al. (2006) found a significant enhancement of nitrogen (68-92% more than the solar value).
In Fig. 15 , we compare an observed spectrum of CE 315 (Ruiz et al. 2001) with two model spectra with solar and 0.001 times solar silicon abundance. We assumed M 1 = 0.8 M andṀ = 10 −11 M /yr. It is clearly indicative of a strong silicon underabundance (<0.001 times solar) in the accretion disc of CE 315.
Since the model spectra are too flat, we added a hotter disc ring to the innermost part (1.1−1.4 R 1 ) of the disc to approximate a type of a boundary layer. Using a ring ofṀ = 10 −9 M /yr, the flux in the UV becomes too high, in contrast to the observation showing almost no continuum in UV (Gänsicke et al. 2003) . With a mass-accretion rate of 10 −10 M /yr, the flux in the UV is comparable to that of observations but in the optical still remains too flat. In addition to this boundary layer, we added to the outermost part of the disc a hot area approximating a hot-spot region in the following way. We took the structure of the outermost disc ring and heated the upper layers artificially from about 10 000 K to 35 000 K. The result was an almost identical emission-line spectrum in the optical but of a higher flux level. In the final integration of all disc rings, this region was extended 20 degrees in azimuth and between 12 and 13.5 R 1 in radial direction, representing the hot-spot region. Finally, we reduced the silicon abundance to 0.0001 times solar and set the nitrogen abundance to 2 times solar. The resulting model spectrum is shown in the upper panel of Fig. 16 . In general, the observed spectrum is reproduced well, but some of the helium lines are too weak, and others are too strong.
We also determined the possible contribution of the white dwarf to the observed spectrum. In the middle panel of Fig. 16 , the combined model spectrum of the pure disc (no boundary region or hotspot) and a white dwarf (T eff = 20 000 K, log g = 8.3) is compared with observations. The observed spectrum is reproduced qualitatively well indicating that the WD's contribution should not be neglected. Because of to the missing hotspot, the spectral lines are double peaked.
The lower panel of Fig. 16 shows in detail He i λ 6678 Å. The influence of the orbiting hotspot on the line profile is obvious.
Summary
We have presented our grid of NLTE accretion-disc models for AM CVn systems. In the framework of the Virtual Observatory 1 (VO), all spectral energy distributions (SEDs, λ − F λ ) described here will be available in VO compliant form from the VO service TheoSSA 2 provided by the German Astrophysical Virtual Observatory (GAVO 3 ). We used primary masses between 0.6 M and 1.4 M and mass-accretion rates between 10 −11 and 10 −8 M /yr and varied the chemical composition. Our main results are as follows:
1. Discs with high mass-accretion rate (10 −8 M /yr) show absorption-line spectra, and discs with low mass-accretion rate (10 −10 -10 −11 M /yr) emission-line spectra, as expected from observations. 2. Underabundances of C, O, and Si should be detectable by comparisons with observed spectra. A hydrogen abundance of 10 −5 (mass fraction) leads to strong Balmer emission lines in low-state systems. In high-state systems, an abundance of 10 −3 is necessary to obtain detectable Balmer lines. In both cases, it is nearly impossible to detect hydrogen lines in the UV. 3. Irradiation of the accretion disc by the primary (T eff = 20 000 K for low-state and outbursting systems, T eff = 50 000 K up to T eff = 100 000 K for high-state systems) heats up the upper layers of the disc but has almost no effect on the spectrum. 4. Comparing the spectra of the primary white dwarf and the accretion disc shows that the primary, if at all, can be seen only in UV. The optical spectral range is dominated by the disc forṀ between 10 −8 and 10 −10 M /yr. Only for the lowest rate of 10 −11 M /yr is the continuum flux of the white dwarf in the optical higher than the disc flux. 5. The accretion-disc spectrum of CE 315 is reproduced well by assuming a 0.8 M primary, a mass-accretion rate of 10 −11 M /yr, and a white dwarf with T eff = 20 000 K, and log g = 8.3. 6. An orbiting hotspot in the outer part of the disc produces a modulation in the helium-line profiles. 7. We have confirmed a strong silicon underabundance in the accretion disc of CE 315 and, hence, that this system might be a Population II object.
